Since its inception in 1989, the LM6000 gas turbine has undergone a series of successful factory tests and several turbines have begun commercial operation. Derived from the CF6-80C2, the LM6000 has been widely accepted for industrial cogeneration and peaking electrical power applications due to its high output power and high simple cycle thermal efficiency. The successful application of GE's other LM series gas turbines, such as the LM1600, LM2500, and LM5000, for cogeneration use was factored into the development of the LM6000.
INTRODUCTION
Modern gas turbine technology traces its origin back to the development of gas turbines for aircraft propulsion. Gas turbine aircraft engines offered more power per unit of weight than other power sources. GE's involvement in gas turbine technology began with the first jet engine built in the United States, the I-A, which powered the Bell XP-59A aircraft in 1942.
Adaptation of aircraft engines for industrial, utility and marine propulsion applications has long been accepted as a means of assuring power plants with high efficiency and ease of maintenance. Because of their heritage, aeroderivative gas turbines typically require less space and supporting structure than other industrial gas turbines of equivalent output power. These features also equate to reduced plant construction time and adaptability to meet unique site or application related requirements. With the LM6000, GE has been able to retain all of these features and at the same time, produce an aeroderivative gas turbine which is cost competitive on an installed-cost basis with all other gas turbines in its power range.
As environmental issues become more restrictive throughout the world, they will have an expanding role in the selection criteria of power plant equipment. Operators of LM6000-powered equipment will have the opportunity, starting in 1994, of selecting current wet NO x suppression technology or new Dry Low NO x combustor technology for their gas turbines. Operators of LM6000 power plants installed prior to 1994 will also be able to be converted to the Dry Low NO x combustion system. THE LM6000 GAS TURBINE The LM6000 gas turbine was intended to provide a more first-cost effective method of applying aircraft engines to industrial use. To achieve this objective, the design was focused on maximizing commonality between the aircraft engine and the industrial gas turbine derivative. By following this approach, the low manufacturing costs of high-volume aircraft engine parts would be passed through to the industrial counterpart and the inherent high power, high efficiency characteristics of the aircraft engine would not be compromised by the utilization of less-efficient industrialized components.
LM6000 DESCRIPTION
The LM6000 gas turbine is derived from GE's CF6-80C2 aircraft engine. The CF6-80C2 was certified in 1985 and is the most popular engine for new, large, widebody aircraft with more than 1100 units in service and total orders in excess of 2900 units. With more than ten million hours of operation, the CF6-8002 has set standards for both performance and reliability. Figure 1 shows a cross section comparison of the CF6-80C2 aircraft engine and the LM6000 industrial gas turbine. The combustion system utilizes the same combustor as the CF6-80C2 in combination with fuel nozzles developed for the LM5000 to accommodate operation on gas or distillate fuels, using steam or water injection for control of NO x emissions. Table 1 lists the types of fuel systems offered for the LM6000. The LM6000 is designed to operate at an output shaft speed of 3600 rpm for electrical power generation. Over the operating power range from idle to full power the high pressure rotor speed varies from -6000 rpm to 10,600 rpm. In order to match the airflow of the two compressors and achieve the desired performance characteristics, the gas turbine is equipped with three systems which control airflow. Variable inlet guide vanes are utilized at the front of the low pressure compressor to modulate airflow entering the flowpath. Variable bleed valves are incorporated between the low pressure compressor and high pressure compressor, allowing some airflow to be dumped at low power conditions. Six stages of variable stator vanes are incorporated on the high pressure compressor to properly match the high pressure compressor stage loading over the power range.
DRY LOW NOx COMBUSTION LM6000 gas turbines manufactured prior to the third quarter of 1994 will utilize wet technology to control the level of NO x emission in the exhaust gas. In January, 1990, GE embarked on the design of a new gas fired premixed combustion system for its family of aeroderivative gas turbines. This new lean premixed system, referred to as a Dry Low NO x (DLN) combustion system, will reduce emissions of NOx by 90% relative to the original aircraft engine derived combustion system. Factory testing of the LM6000 equipped with the DLN combustion system is scheduled for early 1994.
As indicated in Table 1 , LM6000 gas turbines equipped with the DLN combustion system will produce less than 25 ppm NO x (ref: 15% 02) when operating on natural gas fuel. This system will be available not only for new LM6000 gas turbines manufactured after mid-1994, but will also be available for retrofit of LM6000 gas turbines which were originally equipped with the standard combustion system.
PERFORMANCE
Factory testing of the LM6000 confirmed that the initial design objectives had been achieved. At ISO day conditions, with no inlet or exhaust loss, the gas turbine at base rated conditions, will produce 56,080 shp (41,820 kws) at an average simple cycle thermal efficiency of 40.1% when operating on distillate fuel with a LHV of 18,400 BTU/LB. At the same ISO day conditions, the LM6000, operating at base rating on gas fuel with a LHV of 19,000 BTU/LB, will produce 56,165 shp (41,880 kws) at a thermal efficiency of 40.41.. The LM6000 is base rated to achieve 25,000 hour hot section repair intervals and 50,000 hours between overhauls when operating on natural gas. On distillate fuel, the hot section repair interval is 12,500 hours. To achieve these objectives, the gas turbine output power is controlled by temperature and pressure conditions measured at the discharge of the high pressure compressor. This unique control technique results in a rated power versus inlet air temperature profile which peaks at approximately 48°F (9°C). Additionally, this control technique results in a characteristic that allows the gas turbine to produce essentially the same output when operating with or without water or steam injection to control NOx emissions in the exhaust gas. Electric generator efficiency was assumed to be 98%. Figure 4 shows the thermal efficiency of the turbine-generator set over the same ambient
EXHAUST CONDITIONS
The LM6000 is equally well suited for combined cycle applications and simple cycle operation. Exhaust flow and temperature at base at the same base rated output power conditions depicted in Depending upon the method of NO x emission control selected, a combined cycle system designed to operate with an LM6000 will produce from 49 to 55 MW at thermal efficiencies ranging from 49% to 52%.
COGENERATION
Power can be cogenerated in topping or bottoming cycles. In a topping cycle, power is generated prior to the delivery of thermal energy to the process. Typical examples are non-condensing steam turbine cycles, gas turbine heat recovery cycles, and combined cycles where the gas turbine exhaust energy is ultimately used in process. In bottoming cycles, power is produced from the recovery of process thermal energy which would normally be rejected to the heat sink. Bottoming cycle examples would include power generation resulting from recovery of excess thermal energy from exothermic process reactions and heat recovery from kilns, process heaters, and furnaces.
The following discourse will focus primarily on application considerations for topping cogeneration cycles.
For purposes of the following discussions, "thermally optimized" cogeneration systems are defined as those developed using noncondensing steam turbine generators or condensing units operated at minimum flow to the condenser for cooling purposes. economic evaluations of various potential configurations for the application.
FUEL-CHARGEABLE-TO-POWER DEFINITION
A parameter used to define the thermal performance of a topping cogeneration system is the fuel-chargeable-to-power (FCP). The FCP is the incremental fuel-power ratio for the cogeneration system relative to the case with which it is being compared (usually a non-cogeneration alternative). For a plant generating electric power only (an industrial or a utility), the fuel-chargeable--to-power and net plant heat rate are inter-change able terms. New plant heat rate in Btu/kWh is the more commonly used term for plants generating electric power only.
Plant Supplying Plant Supplying Heat Only
Power and Heat The FCP concept is illustrated in Figure 8 . Stated in simple terms, the FCP is the total fuel burned in the cogeneration system minus the fuel which would have been required if all power were purchased (process fuel credit) divided by the gross power generated minus the difference in powerhouse auxiliaries.
GAS TURBINE AND COMBINED CYCLES
Gas turbine cycles provide the opportunity to generate a larger power output per unit of heat required in process relative to most other types of cogeneration systems. This characteristic, combined with a favorable FCP and proven reliability, has made gas turbines such as the LM6000 widely accepted in applications where suitable fuels are economically available.
HEAT RECOVERY STEAM GENERATORS
The overall FCP in a gas turbine-HRSG system is a function of the amount of energy recovered from the turbine exhaust gas. The greater the amount of energy recovered, the lower the HRSG stack temperature, and the better the FCP. Thus, gas turbine-HRSG cycles should use the lowest practical feedwater temperature to the economizing section of the HRSG, within constraints imposed due to gas side corrosion consideration.
HRSG units are available in unfired, supplementary-fired, and fully-fired designs. The appropriate selection is established through
Unfired HRSG
An unfired unit is the most simple configuration. Characteristically, steam conditions range from 150 psig saturated to approximately 75°F or more below the turbine exhaust gas temperature.
Generally speaking, unfired units can be economically designed to recover approximately 92% of the energy in the turbine exhaust gas available for steam generation. Higher performance levels are possible; however, the increased cost of the heat transfer surface must be evaluated versus the additional energy recovered to establish whether the higher costs are warranted.
Supplementary-Fired HRSG
The oxygen content of the gas turbine exhaust.
gas generally permits supplementary fuel firing ahead of the HRSG to increase steam production rates relative to an unfired unit. A supplementary-fired unit is defined as an HRSG fired to an average temperature not exceeding 1700°F. Since the turbine exhaust gas is essentially preheated combustion air, the supplementary-fired HRSG fuel consumption is less than that required for a power boiler providing the same incremental increase in steam generation. Characteristically, the incremental steam production. from supplementary firing over an unfired HRSG will be achieved at 100% efficiency based on the lower heating value of the fuel fired. The incremental fuel will be about 10 to 20% less than for a natural-gas-fired power boiler providing the same incremental increase in steam produced.
Fully-Fired HRSG
A few industrial applications have used the exhaust of the gas turbine as preheated combustion air for a fully-fired HRSG. A fully-fired HRSG is defined as a unit having the same amount of oxygen in its stack gases as an ambient-air-fired power boiler. The HRSG is essentially a power boiler with the gas turbine exhaust as its air supply.
Even though fully-fired units can provide a significant amount of steam, few applications of this nature can be found in industry. Evaluations show that the higher power-to-heat ratio available using unfired or supplementary-fired HRSG's is usually economically preferred relative to fullyfired HRSG's using small gas turbine sizes.
CYCLE CONFIGURATIONS
The simplest gas turbine cogeneration cycle is one where the exhaust energy is used to generate steam at conditions suitable for the process steam header (Figure 9 ).
Generation of steam at higher initial steam conditions than those required in process will allow use of a steam turbine in addition to the gas turbine in the cogeneration cycle (Figure 10 ). This configuration derives the benefits of both gas and steam turbine cogeneration and yields a higher power-to-heat ratio than the arrangement given in Figure  10 .
This arrangement is common for unfired and moderately fired (-1200°F) HRSG systems.
The multipressure HRSG's provide increased recovery of the gas turbine exhaust energy, and thus contribute to the favorable FCP associated with these cycles.
The steam turbine design shown schematically in Figure 10 provides considerable cycle flexibility in cogeneration applications. The condenser provides a heat sink for HRSG steam generating capability in excess of that extracted from the turbine for process use. Furthermore, the admission capability will permit the introduction of lower-pressure steam into the turbine for expansion to the condenser during periods when excess HRSG steam at the process pressure level is available.
CYCLE DESIGN FLEXIBILITY
One method of displaying the many options available using a gas turbine in a cogeneration application is shown in Figure 11 . Point A represents the LM6000 gas turbine generator exhausting into an unfired low-pressure HRSG. Point C is a combined-cycle configuration based on use of a two pressure-level unfired HRSG. Points B and D in Figure 11 represent operation of the HRSG with supplementary firing to 1600°F even though higher firing temperatures (and thus steam production rates) are possible in the exhaust of this unit.
The envelope defined by A, B, C. D in Figure 11 represents the most thermally optimized use of a the LM6000 gas turbine in a cogeneration application (i.e., provides the lowest FCP). Operation along the line CE, DF, or any intermediate point to the left of the line CD represents use of condensing steam turbine power generation with the E and F points applicable for combined-cycle operation without any heat supplied to process.
Thus, the cycles along line EF are combined cycles providing power alone.
The per unit cost of power generation for cycles A through F given in Figure 11 is illustrated in Figure 12 . The per unit costs are based on a 20% fixed charge rate and other operating costs such as fuel, operating labor and maintenance. The plant costs, not given, are based on separate stand-alone facilities, i.e., no "investment credit" applied to any of the cogeneration cases (Cases A through D).
Per unit costs given in Figure 12 2) Cycles as defined in Figure 11 3) Operation 8400 h/yr Figure 12 : Per unit cost of power generation optimized" cogen cases, Cases A through D, result in per unit costs that are about 201. lower than the unfired power generation case, Case E. And, if the thermally optimized cogen cases were considered as an addition to an existing facility, implementing a major plant expansion, or displacing new boiler capacity to replace aging equipment, the comparisons would be more dramatic since the incremental capital costs for the cogen systems might be 25 to 401. less than those used for Figure 12 . Even so, sitespecific fuel and power costs, or power sales opportunities may dictate cycles with considerable condensing power as the appropriate economic choice.
Circumstances under which cogeneration should be considered include: New industrial plants or major expansions to existing facilities having large process heat demands and continuous process operation provide ideal opportunities to evaluate cogeneration.
SUMMARY
As the LM6000 transitions from the development stage into commercial operation, it is finding acceptance in a variety of applications. Ranging from simple cycle peaking utility power to multiple turbine generator cogeneration installations utilizing fired steam boilers. Each potential application must be evaluated for its unique needs using the criteria described herein to determine the optimum plant configuration.
Hith the introduction of the Dry Low NOx combustion system in 1994 the LM6000 will be able to offer even more flexibility for applications under consideration for operation into the 21st century.
